Background: We sought to determine if adult residents living at high altitude have developed sufficient adaptation to a hypoxic environment to match the functional capacity of a similar population at sea level. To test this hypothesis, we compared the 6-min walk test distance (6MWD) in 334 residents living at sea level vs. at high altitude. Methods: We enrolled 168 healthy adults aged ≥35 years residing at sea level in Lima and 166 individuals residing at 3,825 m above sea level in Puno, Peru. Participants completed a 6-min walk test, answered a sociodemographics and clinical questionnaire, underwent spirometry, and a blood test. Results: Average age was 54.0 vs. 53.8 years, 48% vs. 43% were male, average height was 155 vs. 158 cm, average blood oxygen saturation was 98% vs. 90%, and average resting heart rate was 67 vs. 72 beats/min in Lima vs. Puno. In multivariable regression, participants in Puno walked 47.6 m less (95% CI −81.7 to −13.6 m; p < 0.01) than those in Lima. Other variables besides age and height that were associated with 6MWD include change in heart rate (4.0 m per beats/min increase above resting heart rate; p < 0.001) and percent body fat (−1.4 m per % increase; p = 0.02). Conclusions: The 6-min walk test predicted a lowered functional capacity among Andean high altitude vs. sea level natives at their altitude of residence, which could be explained by an incomplete adaptation or a protective mechanism favoring neuro-and cardioprotection over psychomotor activity.
Background
Several studies have examined differences in exercise capacity between acclimated, high altitude residents, and non-acclimated controls [1] [2] [3] . Whether due to genetic or developmental adaptations to hypoxic environments, high altitude natives have higher exercise performance at altitude when compared to lowlanders at high altitude [4] . Differences between highlanders and lowlanders have been studied by measures such as maximal oxygen consumption (VO 2 max ), pulmonary ventilation, pulmonary gas exchange efficiency, muscle response, arterial oxygen saturation, and lactate buffering capacity [5] .
Individuals non-acclimated to altitude have a decrease in VO 2 max upon assent to high altitude [5, 6] . In contrast, VO 2 max is greater in highland dwellers of similar age, sex, and body proportions [2, [7] [8] [9] , suggesting that they may be better adapted to live in hypoxic environments than lowlanders. The present study uses the 6-min walk test (6MWT) to compare functional capacity between high altitude residents and lowlanders in their respective environments.
The 6MWT has a variety of uses in clinical settings to test a patient's response to disease or medical interventions, their functional capacity, and their predicted morbidity and mortality [10] [11] [12] [13] [14] [15] [16] . This test was developed in 1963 to evaluate people with respiratory or heart diseases, including prognosis and functional capacity [17] . Due to the integrated systems of the body that are required during walking, the 6MWT provides information about how the cardiovascular and pulmonary systems function together. The exertion level achieved during the 6MWT is chosen by the participant and is usually less than their maximal exertion level [12] . However, activities of daily living are similarly performed at exertion levels chosen by the individual; therefore, the 6MWT is a good indicator of an individual's ability to perform activities of daily living [18] .
Results from the 6MWT related to ascent to altitude have been used as a measure of changes in functional capacity among lowlanders at various altitudes, as well as a method to predict who will be affected by acute altitude sickness [19, 20] . However, the 6MWT has not been used as a method to compare functional capacities of high and low altitude populations. By testing participants at their residing altitudes, this study intends to determine whether long-term high altitude residents have adapted to their environments to achieve the same functional capacity as sea level residents. Thus, our primary objective was to investigate the functional capacity of a sea level and high altitude population by means of the 6MWT.
Methods

Study setting
The study population consisted of adults ≥35 years of age living in the cities of Lima and Puno. Lima is the highly urbanized capital of Peru located at sea level and with a population of more than ten million. We conducted our study in Pampas de San Juan de Miraflores, a peri-urban shanty town located 25 km south of the city center. Puno is an Andean City located at 3,825 m above sea level and with a population of approximately 150,000. The average temperature was 21.6°C in Lima and 16.1°C in Puno. The study protocol was approved by the Institutional Review Boards of the Johns Hopkins Bloomberg School of Public Health in Baltimore, USA and A.B. PRISMA in Lima, Peru. All participants provided verbal informed consent after our research team read the entire informed consent document to them and any questions were answered.
Study design
This is an ancillary study of a larger ongoing cohort study conducted in Lima and Puno. In preparation for study activities for this parent cohort study, we first conducted a door-to-door household census of the study areas from which an age-, sex-and site-stratified population-based cohort of approximately 1,000 participants per site was derived [21] . At baseline, participants responded to a face-to-face questionnaire regarding sociodemographics and medical history. Field workers measured weight, height, bioelectrical impedance, blood pressure, and spirometry before and after bronchodilators, and obtained a blood sample for analysis of cardiovascular and pulmonary biomarkers. We measured bioelectrical impedance using the TBF-300A body composition analyzer (TANITA Corporation, Itabashi-ku, Tokyo, Japan) to estimate lean mass, percent body fat, and water weight. Participants were asked to provide venous blood sample after 8 to 11 h of fasting. Blood was obtained by trained phlebotomists in the sitting position and using universal precautions. Plasma glucose was measured using an enzymatic colorimetric method (GOD-PAP; Modular P-E/RocheCobas, Grenzach-Whylen, Germany), serum insulin using electrochemiluminescence (Modular P-E/Roche-Cobas), hs-C reactive protein using Latex (Tina-quant CRP-HS Roche/Hitachi analyzer, Indianapolis, IN, USA), and hemoglobin A1C using high-performance liquid chromatography (D10, BioRad, Munich, Germany). We measured lung function using the Easy-On-PC spirometer (ndd, Zurich, Switzerland) following standard guidelines [22] . All patients underwent bronchodilator-response testing. We administered two puffs from a salbutamol inhaler (100 mcg/puff) via a spacer and repeated spirometry 10 to 15 min later.
We then invited a random subset of 400 participants (200 in Lima and 200 in Puno) from the parent cohort study to participate in this ancillary study. We defined healthy participants as those who did not have: a physical disability that impaired walking; self-reported diagnosis of heart failure, diabetes, asthma, COPD, active or a history of pulmonary tuberculosis; prior pulmonary or thoracic surgery, a self-reported history of daily smoking (i.e., ≥1 cigarette per day), a body mass index (BMI) ≥35 kg/m 2 , systolic blood pressure (SBP) ≥140 mmHg, and diastolic blood pressure (DBP) ≥90 mmHg, pre-bronchodilator forced expiratory volume in 1 second (FEV 1 ) or prebronchodilator forced vital capacity (FVC) < 1 L (i.e., a marker of impaired lung function in our study population), post-bronchodilator FEV 1 /FVC < 70% or excessive erythrocytosis (i.e., hemoglobin ≥19 g/dL in women and ≥21 g/dL in men) [23] . Of those who agreed to participate in this substudy, we conducted a preliminary evaluation of eligibility criteria. The interview included a discussion of the study objectives, review of eligibility criteria, procedures, associated risks, and benefits, and consent. Enrollees were then invited to schedule an appointment to perform the 6MWT.
Six-minute walk test
The 6MWT was performed outdoors along a hard flat course measuring 30 m, following standard guidelines [24] . The 6MWT is a self-paced test and participants can choose their own intensity of exercise. It measures functional capacity as the majority of patients do not achieve maximal sustained exercise capacity. Before the test was performed, study staff measured height, weight, and vital signs including pulse oximetry, heart rate, blood pressure, and level of dyspnea and fatigue using the Borg Scale [25] . After the vital signs were recorded, study staff read out loud instructions adapted from the American Thoracic Society [24] to each participant to complete the 6MWT and gave standardized encouragement during the 6MWT to ensure comparability between participants and sites. After the 6MWT was completed, vital signs and Borg scale were repeated immediately.
Biostatistical methods
The primary outcome was distance walked during the 6MWT (i.e., 6MWD). The primary risk factor was altitude of residence, defined as high altitude for participants in Puno and sea level for participants in Lima. We used t tests to compare continuous variables between groups if normally distributed and Mann-Whitney U tests if non-normally distributed. We used chi-square or Fisher exact tests whenever appropriate, if categorical variables. We used multiple linear regression to model 6MWD as a function of altitude of residence and adjusted for age, sex, height, resting heart rate, SBP, change in heart rate between the end of 6MWT and baseline, percent body fat, height-adjusted FVC (FVC/height 2 ), selfreport of walking ≥10 min at least 1 day per week as a proxy for physical activity, number of people per household, and having completed high school. We then developed site-specific reference equations using multiple linear regressions. The lower limit of normal for the 6MWD was defined as the fifth percentile (i.e.,μ−1:64 Âσ ). We conducted statistical analyses in R (www.r-project.org).
Results
Participant characteristics
Four hundred participants were invited to participate in the study, but 66 (16%) met at least one of the exclusion criteria: one participant was excluded due to age <35 years old; one participant was excluded because of a FEV 1 <1 L, nine were excluded due to excessive erythrocytosis; six were excluded because they had a BMI >35 kg/m 2 ; 15 were excluded due to a post-bronchodilator FEV 1 /FVC <70%; and 37 were excluded based on a baseline SBP ≥140 mmHg or DBP ≥90 mmHg on the day of the test. Of the remaining 334 participants, 168 resided in Lima and 166 in Puno. Age and gender were similar in both groups. Participants in Lima were shorter in height, had a higher body mass index, higher pulse oximetry, and higher SBP but similar DBP, had a significantly lower resting heart rate, and increased their heart rate by more beats per minute during the 6MWT than participants in Puno (Table 1) . Both groups were similar in levels of fasting blood glucose, fasting blood cholesterol, and triglycerides; participants in Lima had lower hemoglobin concentration and higher insulin levels. Participants in Lima had lower levels of difficulty breathing and fatigue, self-rated based on the Borg Scale. Participants in Lima were less likely to have completed secondary school than participants in Puno. One hundred of the 168 participants in Lima migrated from a high altitude birthplace, and 4 of 166 in Puno migrated to Puno from a sea level birthplace. All participants have lived in their respective cities where they performed the 6MWT for at least the past 10 years.
Determinants of the 6MWD
In single variable analyses, the following variables were important determinants of 6MWD in both the sea level and high altitude groups: sex, age, height, change in heart rate between end of 6MWT and baseline, hemoglobin, lean mass, percent body fat, water weight, education level, weekly exercise, FEV 1 /height 2 , and FVC/height 2 ( Table 2) . In Figure 1 , we show single variable relationships between 6WMD and selected risk factors. In multivariable linear regression, however, variables that remained important were living at high altitude, age, height, percent body fat, and having completed high school (Table 3) . Younger participants walked a greater 6WMD than did older participants with a decrease of 1.4 m per year of older age. Taller participants walked a greater 6MWD than shorter participants with an increase of 1.1 m more per cm increase in height. A greater increase in heart rate from baseline also corresponded to a greater 6MWD, with an increase 4.0 m more per beats/min increase above resting heart rate.
Differences in 6MWD between participants at altitudes of residence
In unadjusted analysis, living at high altitude was an important determinant of 6MWD. Specifically, average 6MWD was 415 m (SD = 65) in Puno vs. 475 m (SD = 81) in Lima (difference of 60 m, 95% CI 44 to 76; p < 0.001). In multivariable linear regression, this difference remained such that participants in Puno walked 47.6 m less than did those in Lima (95% CI 13.6 to 81.7 m; p = 0.006). There was no difference in 6MWD between those participants in Lima who were born at high altitude vs. born at sea level (p = 0.21) and the sample in Puno consisted almost entirely of participants born at high altitude. While we reported a difference in change in heart rate between the end of the 6MWT and baseline in Puno vs. Lima (mean 0.4 vs. 5.3 beats/min, respectively; p < 0.001), we did not find a difference in change in pulse oximetry (mean 0.54% vs. 0.41%; p = 0.27) or SBP (7.6 mmHg vs. 7.1 mmHg; p = 0.70) between the end of the 6MWT and baseline.
Reference equations for 6MWD in Lima and Puno, Peru
We defined site-specific reference equations for the 6MWD in Lima and Puno, adjusted for age, height, weight, sex, and change in heart rate between the end of test and baseline (Table 4 ). These models explained 54% and 31% of the variation in 6WMD observed in Lima and Puno, respectively.
Discussion
It is well documented that high altitude natives in several settings around the world have made significant adaptations to life in a hypoxic environment [1] [2] [3] [4] [5] [6] [7] [8] [9] 26, 27] . The majority of these studies quantified these adaptations by testing the exercise capacity of highlanders and lowlanders at increasing altitudes and demonstrated highlanders had an overall lower decrease in exercise capacity than lowlanders. Instead of this approach, our study quantified the distance walked during a 6-min walk test by highlanders and lowlanders in their respective environments to determine to what extent high altitude adaptations have allowed high altitude natives to approach the functional capacity of a similar population at sea level. We found that, after controlling for multiple variables, highlanders at their altitude of reference had a lower functional capacity than did lowlanders at sea level, i.e., a 48-m difference in 6-min walk distance. This difference was greater than the minimal clinically important difference for many chronic respiratory conditions (Table 5 ) [10, 28, 29] . A shorter 6-min walk distance we observed indicating a 13% lowered functional capacity is comparable to the previously reported decrease in marathon time performed by a trained high altitude native on a course ranging from 4,100 to 4,700 m in elevation. This time was 18.5% slower than the world record at sea level but still faster than the predicted time for a sea level native on a marathon course at this altitude [30] . Despite the superior oxygen uptake and pulmonary gas exchange, a 40% higher diffusing capacity and greater lactic acid buffering in high altitude natives [31, 32] , there is still a measurable impairment in functional capacity at their altitude of residence. It is unclear, however, whether the decrease in 6-min walk distance is an incomplete adaptation or a protective adaptation among Andean high altitude dwellers. The psychomotor slowing observed in European, Native American, and African altitude groups could be an adaptive rather than a deficient trait, perhaps enabling accuracy of cognitive activity in hypoxic conditions [33] . Hochachka et al. have shown that lower region-by-region brain glucose metabolic rates in high altitude Quechuas compared to lowlanders, which may be the result of a functional adaptation against chronic hypoxia [34] . The lower change in heart rate before and after the 6-min walk test in high altitude vs. sea level dwellers may also help explain the observed shorter 6-min walk distance. Heart rate is affected by both the sympathetic and parasympathetic nervous systems; a balance which is known to be different in hypoxic environments, even after prolonged exposure [35, 36] . Some suggest that the lack of increase in heart rate may be a protective functional adaptation which prevents an excess of adrenergic stimulation during exercise [35] [36] [37] .
The effects of high altitude on human health have been studied using various approaches ranging from its effects on athletic performance [5, 6, 26] , to consequential functional adaptations that arise among highlanders including chronic mountain sickness and high-altitude pulmonary hypertension [38, 39] . Maximal cardiopulmonary testing including peak VO 2 has been shown to predict exercise capacity but has its limitations because the very sick are unable to undergo this testing. In several examples, a primary outcome of functional capacity has been adequately demonstrated using the 6MWT in several instances whereby the study population that was unable to complete other means of maximal cardiopulmonary testing [10] [11] [12] [13] 15, 16, 18] . The 6-min walk test is simpler than full cardiopulmonary testing, and in this study, we demonstrate its simplicity in epidemiological studies to compare functional capacity of two healthy populations at different altitudes. The results of this study suggest a lowered functional capacity among high altitude residents of Puno, Peru, vs. residents at sea level of Lima, Peru using a simple and noninvasive test. The study design does not allow us to conclude causation of the lowered functional capacity among high altitude natives due to its crosssectional design. This study was also limited to a relatively homogeneous population from two Peruvian cities, which limits external validity. There are also limitations in the study's high altitude population as it includes only decedents of Andean background, which differ in adaptations to hypoxia compared to Tibetan populations [40] .
Conclusions
In summary, after stratifying for variables shown to be associated with the 6-min walk test, there was an important difference in the 6-min walk distance between healthy adult residents at high altitude versus sea level. This 48-m difference shown by multivariable regression is greater than the minimal important difference observed in previous studies for various chronic respiratory diseases, which varies between 24 and 45 m [10, 28, 29] . Based on the results of this study, measured differences in 6-min walk distance suggests that residents from the city of Puno, Peru, located at high altitude (3,825 m above sea level) have not developed the adaptations to their high altitude environment that are necessary to bring them to an equivalent functional capacity as similar residents of Lima, Peru, located at sea level. Alternatively, the shorter 6-min walk distance in healthy adults residing at high altitude versus sea level could be explained by protective mechanisms in which there is a lower psychomotor activity in favor of increased neuro-and cardioprotection. Functions of age (in years), height (in cm), weight (in kg), sex, and change in heart rate between the end of 6MWT and baseline (beats/min). 
